Abstract. Aristolochic acid (AA) is a carcinogenic, mutagenic and nephrotoxic compound commonly isolated from members of the plant family of Aristolochiaceae (such as Aristolochia and Asarum) and used in Chinese herbal medicine. Use of AA and AA-containing plants causes chronic kidney disease (CKD) and upper urinary tract carcinoma (UUC); however, the underlying mechanism remains to be defined. miRNAs regulate a number of biological processes, including cell proliferation, differentiation and metabolism. This study explored differentially expressed miRNAs between AA-induced upper urothelial tract cancer (AAN-UUC) and non-AAN-UUC tissues. Patients with AAN-UUC and non-AAN-UUC (n=20/group) were recruited in the present study. Five tissue samples from each group were used for miRNA microarray profiling and the rest of the tissue samples were subjected to reverse transcription-quantitative polymerase chain reaction analysis including seven selected miRNAs for confirmation. A total of 29 miRNAs were differentially expressed between AAN-UUC and non-AAN-UUC tissues (P<0.05). TargenScan and Gene ontology analyses predicted the functions and targeted genes of these differentially expressed miRNAs, i.e. Akt3, FGFR3, PSEN1, VEGFa and AR. Subsequently, expression of the selected differentially expressed miRNAs and Hsa-miR-181c) was validated in another set of tissue samples. A total of 29 miRNAs were identified to be differentially expressed between AAN-UUC and non-AAN-UUC tissues and these miRNA target genes in FGFR3 and Akt pathways, which regulate cell growth and tumor progression, respectively.
Introduction
Aristolochic acid (AA) is a carcinogenic, mutagenic and nephrotoxic compound, which is commonly present in members of the plant family of Aristolochiaceae and is widely used in Chinese herbal medicine. Structurally, AA is related to nitrophenanthrene carboxylic acid, principally aristolochic acid I (AA-I) and aristolochic acid II (AA-II) (1) . Consumption or administration of AA or AA-containing plants leads to nephrotoxicity and carcinogenesis, resulting in chronic kidney disease (2) and upper urinary tract carcinoma (UUC) (3) . Balkan endemic nephropathy (BEN) and Chinese Herb Nephropathy (CHN) share the same etiology (4) . Specifically, BEN is a chronic tubulointerstitial disease, affecting individuals living in the alluvial plains along the tributaries of the Danube River. BEN is closely associated with urothelial cell carcinoma of the upper urinary tract (5) . The etiology of BEN was hypothesized to be due to ingestion of a toxic component of Aristolochia in bread prepared from flour with contaminated grain (6); however, due to the limitation of coeval methodology and technology, the etiology was not confirmed at that time and was unknown for >50 years (7) . Another study suggested that Ochratoxin A (OTA) could be the cause of BEN due to the fact that individuals livings in regions where that had been an epidemic of BEN were exposed to relatively high OTA concentrations (8) ; however, Clark and Snedeker (9) demonstrated that high OTA levels in the blood and urine can occasionally be found in individuals not suffering from BEN (9) . An epidemiologic and experimental study conducted by Grollman and Jelaković (10) denied the correlation between OTA and BEN, and instead demonstrated the presence of dA-aristolactam (AL) and dG-AL DNA adducts in the renal cortex of patients with BEN but not in patients with other chronic renal diseases using (32) P-post labeling/PAGE and authentic standards (11) , which confirmed that AA is the cause of BEN. Furthermore, CHN gained attention in 1991 when nephrologists noticed an increase in the number of otherwise healthy females with different degrees of renal failure. These females all visited the same private clinic for weight control and had ingested extracts of Chinese herbs containing Aristolochia fangchi (12) , ~100 of these women developed chronic renal deficiency. Thereafter, Vanherweghem et al was the first to identify that the Chinese herbs were associated with chronic renal deficiency (12, 13) . Cosyns et al suggested that AA is the most likely cause of the renal injury and later development of urothelial-cell atypia and carcinoma (3) . A number of studies also subsequently confirmed this hypothesis (2, (14) (15) (16) . Although AA is found primarily in members of the genus Aristolochia, it may be also present in other plant types (17) . AA binds to genomic DNA after metabolic activation and forms AL-DNA adducts, generating a unique TP53 mutational spectrum in the urothelium. The AL-DNA adducts are concentrated in the renal cortex, which could serve as a biomarker for AA exposure (10, 11, 18) . AA also specifically induces TP53 A:T→T:A mutation and is considered as the 'TP53 mutation signature' of BEN and AAN-UUC (18, 19) . However, the precise molecular mechanism underlying AA-induced BEN or UUC remains to be defined.
MicroRNAs (miRNAs) are a class of highly conserved small RNA molecules, which regulate key biological processes, including cell proliferation, differentiation, development and metabolism (20) . Dysregulation of miRNA expression contributes to human cancer development; for example, miRNAs regulate all hallmarks of cancer in cell growth, cell cycle control, apoptosis, tumor invasion, metastasis and angiogenesis (21, 22) . Molecularly, miRNAs regulate the expression of various signal transduction pathway genes, such as transforming growth factor-β (TGFβ), WNT, Notch and epidermal growth factor (EGF) (23) . A previous study showed aberrant expression of miRNAs in kidney, bladder and prostate cancer (24) . Izquierdo et al (25) reported a differential miRNA expression pattern between patients with progressing and non-progressing UUC. Clinically, patients with BEN and CHN have an apparent higher risk of developing UUC than the normal population. Therefore, the present study aimed to investigate whether there is any difference in miRNA expression between AAN-induced UUC and common UUC using miRNA microarray analysis. The results validated the differentially expressed miRNAs using reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Materials and methods
Patient samples. In the present study, paraffin-embedded tissue samples were collected from 20 patients with AA nephropathy (AAN-UUC) and 20 non-AAN-UUC patients, who had UUC but not associated with AA, treated in Shanghai Jiao Tong University-Affiliated First Hospital (Shanghai, China) between 2005 and 2010. All the patients were diagnosed according to medical history and pathology of tumor lesions. All the patients with AAN-UUC had a clear AA-containing drug intake history, and received cadaveric renal transplant between 2005 and 2010. Non-AAN-UUC patients did not have a history of AA contact, transplantation, and immunosuppressive drugs. Five samples from each group (AAN group, two males and three females; non-AAN group, four males and one female) were subjected to an miRNA microarray analysis and the rest of tissue samples (11 females and nine males in the AAN group, seven females and 13 males in the non-AAN group) were utilized as a set of samples for verification by RT-qPCR analysis. A protocol for the use of human surgical samples was approved by the Medical Ethics Committee of Shanghai First People's Hospital of Shanghai Jiao Tong University and each participant signed a written consent form for using their data in the present study. The patients were aged between 52 and 78 years.
miRNA microarray analysis. The miRNA microarray profiling was performed using Affymetrix GeneChip miRNA arrays (Affymetrix, Inc., Santa Clara, CA, USA) according to the manufacturer's instructions. Briefly, 1 µg of total RNA was labeled by polyA polymerase addition using the Genisphere FlashTag HSR kit according to the manufacturer's instructions (Genisphere, Hatfield, PA, USA). The labeled RNA was hybridized as a probe to the Affymetrix miRNA array, according to the manufacturer's details. Standard Affymetrix array cassette staining, washing and scanning was performed using the post-hybridization kit (cat. no. 900720; Affymetrix) and GeneChip Scanner 3000 (Affymetrix, Inc.). Feature extraction was performed using Affymetrix Command Console software (v.1.2). The raw data were treated by the following workflow: Background detection, RMA global background correlation, quartile normalization, median polish and log2-transformation with miRNA QC tool software (Affymetrix).
Gene ontology (GO) and gene pathway analyses. The gene GO analysis was performed to evaluate differential expression. Pathway analysis was used to sort out the significant pathways of the differential genes according to KEGG, Biocarta and Reatome (26) (27) (28) .
RNA isolation and RT-qPCR. Total cellular RNA was isolated from tissue samples and subjected to RT-qPCR analysis using an ABI 7900 HT Real-time PCR system in a 384-well plate format (cat. no. 4366596; Applied Biosystems, Foster City, CA, USA). Reverse transcription was performed, according to the manufacturer's instructions. Brifely, 1 µg RNA was reverse-transcribed into cDNA using a stem-loop RT primer. The reaction conditions were as follows: 16 ˚C for 30 min, 42˚C for 30 min and 85˚C for 5 min. RNA was isolated from all samples using an mirVanaTM miRNA Isolation kit (cat. no. AM1560; Ambion Life Technologies, Foster City, CA, USA), according to the manufacturer's instructions. The PCR reaction volume of 5 µl contained 2.5 µl TaqMan PCR Master Mix-UNG (2X), 0.25 µl each TaqMan assay probe (20X), 1.25 µl of diluted cDNA and 1 µl H 2 O. qPCR was performed at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min using the specific miRNA primers (Table I ). The data were analyzed using ABI RQ Manager software (Applied Biosystems) after exportation as a SDS file.
Statistical analysis. An random variance model t-test was
performed to analyze the microarray data by comparing the differentially expressed genes between the control and experimental group (29) (30) (31) . The two-side Fisher's exact test was used to analyze the GO category data and the false discovery rate (FDR) was used to calculate the P-value as mentioned by Dupuy et al (32) . The smaller the FDR, the lower the error in judgment of the P-value. The FDR was defined, according to the following equation: 
Results

Characteristics of patients with UUC.
A total of 20 samples each from patients with AAN-UUC and non-AAN-UUC were collected for miRNA microarray profiling of differentially expressed miRNAs. The clinical characteristics of these patients are listed in Table II these patients, which included cyclosporine A, mycophenolate mofetil and prednisone with or without anti-lymphocyte antibody-induction therapy. All the enrolled patients were diagnosed with UUC during the follow-up, according to symptoms, including hematuria and pain, and CT scanning. Whereas, non-AAN-UUC patients had no history of contact with AA and did not undergo transplantation.
Differential expression of miRNAs in AAN-UUC tissues.
The differential expression of miRNAs was profiled in AAN-UUC tissues using miRNA microarray analysis of five samples of AAN and non-AAN UUC tissues. The 29 most differentially expressed miRNAs were identified between AAN-UUC and non-AAN-UUC tissues (FDR<0.05, P<0.05; Table III and Fig. 1 ). In Fig. 1 , a heat map is shown for the eight most significant differentially expressed miRNAs using GeneChip 3.0; each column represents a tissue sample, and each row represents an miRNA. The dendrograms of clustering analysis for samples and miRNAs are displayed on the top and left, respectively. Signals 1-5 represent AAN-UUC samples and signals 6-10 represent non-AAN-UUC tissue samples. Furthermore, TargetScan analyses were performed to predict the functions and targeted genes of these differentially expressed miRNAs. It was found that the mTOR, MAPK, focal adhesion, long-term potentiation and protein processing in endoplasmic signaling pathways were upregulated, whereas PI3K-Akt, HTLV-I infection, and the proteoglycan pathways were downregulated (Fig. 2) . Among upregulated genes, VEGFA, RPS6KA6, IGF1, RPS6KA3 and FGFR3 were frequently upregulated in UUC tissues, whereas E2F3, FGFR1, IGF1R, AR and RAS were downregulated (Table. IV and V).
To further validate the microarray results, the eight genes with the greatest difference in expression compared with the non-AAN-UUC samples (P<0.05; hsa-miR-488-3p, hsa-m i R-4 434, hsa-m i R-4274, hsa-m i R-4795 -5p, hsa-m iR-4784, hsa-m iR-330 -3p, hsa-m iR-3916 and hsa-miR-181c-5p) were analyzed using qPCR. As a result, only expression of miR-488 and miR-181c was found to be significantly different (P<0.05; Fig. 3) . Furthermore, the expression of miR-488 was higher in stage I and II than stage III and IV tumors (mean ± standard error, P= 0.038; Fig. 4 ), while miR-181c was highly expressed in tumors >3 cm than in those <3 cm (mean ± standard error, P=0.049; Fig. 5 ). However, these results in patients with non-AAN-UUC (P=0.207 and 0.127, respectively) were not validated. In addition, no other correlation was identified between miRNA expression and tumor behavior or prognosis.
Discussion
In the present study, the expression of miRNAs in AAN-UUC tissues was compared with that in the non-AAN-UUC tissues in order to identify the unique gene alterations for AAN-UUC in order to improve the understanding of this pathogenesis.
The 29 most differentially expressed miRNAs were revealed between AAN-UUC and non-AAN-UUC tissues, which could regulate the most frequently altered genes in AAN-UUC, such as VEGFA, RPS6KA6, IGF1, RPS6KA3, FGFR3, E2F3, FGFR1, IGF1R, AR and RAS. As, miRNAs can regulate cellular growth, cell cycle control, apoptosis, invasion, metastasis, tumor angiogenesis (22) and carcinogenesis (33) , their expression may be important in AAN-UUC development.
The present study used formalin-fixed and paraffin embedded (FFPE) tissue samples for miRNA microarray and RT-qPCR analyses. To date, there is no specific AAN-UUCderived cell line available commercially. However, the FFPE tissue samples, are the most widely available clinical specimens for histological and pathological analysis (34) , but contain fragmented nucleic acids. miRNA molecules are less prone to degradation for miRNA analysis in contrast to mRNA. Leite et al (35) demonstrated non-significant differences in miRNA expression between FFPE and fresh tissue samples. Moreover, qPCR is considered a gold standard for quantification of gene expression and has been widely employed as a validation method for microarray studies (36) .
Thus, the present study demonstrated novel and reliable results, however, these are preliminary data and more in depth studies are required to understand the role of miRNA in the pathogenesis of AAN-UUC. In this regard, we aim to validate the current data by collecting more fresh AAN-UUC tissues and generate a primary cell culture to investigate how these miRNAs are altered and involved in the regulation of tumor cell growth, apoptosis, invasion, metastasis and angiogenesis.
In the present miRNA microarray study, the most downregulated miRNAs were hsa-miR-4795-5p, hsa-miR-4784, hsa-m iR-330 -3p, hsa-m iR-15a-5p, hsa-m iR-10a-5p, hsa-miR-181c and hsa-miR-200c-3p, whereas the most upregulated miRNAs were hsa-miR-488-3p, hsa-miR-4434, hsa-miR-4274 and hsa-miR-224-3p. These miRNAs were previously reported to be associated with the development and progression of different types of human cancer (37) (38) (39) . For example, 5-fluorouracil treatment upregulated miR-4795-5p in nasopharyngeal carcinoma cell lines (37) . In addition, miR-4795-5p is also downregulated in stage II colorectal cancer (38) . Similarly, miR-200c expression was found to be lost in pancreatic cancer, and patients with high levels of miR-200c expression had significantly longer survival rates than those with low levels (39) . Expression of miR-200c has also been shown to be associated with upregulation of the expression of E-cadherin and downregulation of ZEB1 and ZEB2 in bladder cancer cell-lines (39-41). In addition, 
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A A miR-181c was also shown to be highly expressed in gastric cancer tissues compared with gastric ulcer and chronic gastritis tissues (42) . By contrast, the present study showed that miR-488-3p was upregulated in AAN-UUC compared with non-ANN-UUC tissues. However, in the majority of published studies (40, 41) , miR-488-3p was downregulated in different types of human cancer. miR-488 is able to inhibit the expression of androgen receptor (AR) in prostate cancer cells (40) . Sikand et al (43) showed that overexpression of miR-488 downregulated the transcriptional activity of AR and inhibited the endogenous AR protein production in androgen-dependent and androgen-independent prostate cancer cells. Moreover, a study by Li et al (44) demonstrated that suppression of miR-448 expression induced epithelial-mesenchymal transition by directly targeting SATB1 mRNA, and the latter promoter could be bound by activated NF-κB. It is unknown why this discrepancy occurred, however, it may be due to high levels of miR-488-3p expression in non-AAN-UUC compared with that of AAN-UUC tissues. Further investigation using larger sample sizes is therefore required to confirm these results. Meng et al (45) recently published a study showing the effects of miR-21 and miR-34a levels in an AA-induced rat model; however, these two miRNAs were not identified in the present study. The discrepancy may be due to the differences in the nature of the design of the studies as Meng et al conducted an in vitro study and the present study was ex vivo.
Cancer is a group of human diseases with various heterogeneity, which could limit the reproducibility of changes in microRNA expression profiles; even the same tumor lesion may have different gene alterations. For instance, in bladder cancers, low-grade tumors exhibited downregulation of numerous miRNAs, and the most downregulated were miRs-99a/100, which were demonstrated to target FGFR3. Accoring to the literature, high-grade bladder cancer often exhibits upregulated levels of miR-21, and miR-21 can target P53. High-grade bladder cancer is characterized by marked miRNA upregulation (46, 47) , whereas low-grade bladder cancer often exhibits miRNA downregulation. Compared with non-AAN-UUC, AAN-UUC has a distinctive gene alteration pattern, such as AL-DNA adducts and a unique TP53 mutational spectrum A:T→T:A, which implies the presence of a distinctive pathway. Following metabolic activation, AA reacts with genomic DNA to form AL-DNA adducts that generate a unique TP53 mutational spectrum in the urothelium (A:T→T:A). Transcription factor p53 protein is a tumor suppressor. It is the most commonly mutated gene in human cancer and is associated with the alteration of cellular bioactivity (48). p53 protein not only regulates the expression of miRNAs, but is also a target of these miRNAs. For example, miR-34, miR-200 family, miR-192 family, miR-107, miR-145, miR-15a, and miR-16-1 have been identified to be modulated by p53; while miR-504, miR-33, miR-125b, miR-1285 and miR-380-5p have been reported to directly target p53 (49) .
Certain classical Aristolochic herbs, such as fangchi and mutong have been banned in a number of countries (17, 50) . However, AA intake still occurs via contaminated grain in some Balkan regions. Moreover, certain AA-containing herbs could still be used due to lack of recognition (17) . Species of Aristolochia are widely distributed worldwide, with the exception if Australia, where only few species are known. Since ethnobotanical investigations have indicated that AA family members are frequently used in traditional medicine, it is likely that certain individuals take AA-containing herbs or combinations without being aware of it (4). Furthermore, due to the prevalence of Chinese traditional medicine in China and other Asian countries, these herbal remedies are readily available via the internet. A survey conducted in Taiwan (51) showed that approximately one-third of the population of Taiwan has been exposed to herbs containing AA. In traditional Chinese medicine, a phenomenon termed the 'Jun-Chen-Zou-Shi' principle entails constructing a remedial herbal formula to mitigate the toxicity of the main ingredient. Recently Tsai et al (52) performed metabolic analysis using 1 H-NMR spectroscopy to validate whether Bu-Fei-A-Jiao-Tang, a compound remedy based on this principle, could decrease the toxicity of AA-containing herbs; however, the result did not support this claim. Thus, the function of the Jun-Chen-Zou-Shi principle was not able to ensure a reduction in AA nephrotoxicity. Despite increasing control of the use of AA by different countries, it is still accessible in numerous ways.
In conclusion, the current study showed that AAN-UUC may have unique miRNA alterations compared with non-AAN-UUC. Further studies using larger sample sizes are proposed to better understand the molecular mechanism underlying AAN-UUC development.
